In Switzerland, the traditional three-stage grassland farming system consists of grazed or cut grasslands along a gradient from lowland to alpine elevations. We measured carbon dioxide (CO 2 ) fluxes at three grassland sites (400, 1000, 2000 m elevation) and estimated carbon sequestration for two different but exceptionally warm years (2006 and 2007). Grasslands at higher elevations (>1000 m), managed at lower intensities, exhibited a larger net CO 2 uptake compared to intensively managed grasslands at lower elevations (400 m). Taking into account harvest outputs as well as manure inputs, we calculated the carbon stocks and their changes for grasslands at 400 m and 1000 m during two years. Similar to the cumulative net ecosystem CO 2 fluxes, the seasonal course of carbon stock changes were strongly driven by management intensity, in particular by timing and amount of manure applications. Despite differences in environmental and management conditions with elevation, both grassland sites were carbon sinks during 2006 and 2007 (between 25 and 150 g C m −2 yr −1 ).
expected to be largest in the Alpine region, with an increase of weather extremes, such as droughts and floods (OcCC, 2008) . For Switzerland, in the central Alps, the predicted changes in climate raise questions (a) on the reliability of fodder production with current agricultural practices, and (b) whether sustainable management can be achieved in agronomic (Calanca and Fuhrer, 2005; Fuhrer et al., 2006) as well as environmental terms. Closely linked to climate is the carbon cycle, with carbon dioxide (CO 2 ) as its largest atmospheric fraction. Atmospheric CO 2 is fixed by the biosphere via photosynthesis, while at the same time organic matter is added to soil and biomass, or released via respiration back to the atmosphere. The carbon stocks in grassland biomass and particularly in grassland soils are significant (≈11% of total C stock for Switzerland, Bolliger et al., 2008) , and any changes of the environmental conditions can potentially change their role in the carbon cycle, i.e., carbon sink or source.
Grasslands in Switzerland occupy about 20-30% of the land surface (depending on classification, FAO, 1997; Jeangros and Thomet, 2004; Hotz and Weibel, 2005; Leifeld et al., 2005) , and cover a large range in elevations in the Swiss Alps (Boesch, 1951; Jeangros and Thomet, 2004) .
The assessment of carbon stocks in these grasslands has received attention recently (Leifeld et al., 2005; Bolliger et al., 2008) , but the topographic complexity introduces a large heterogeneity in the response of grasslands to climate and land use change for which the necessary process understanding is still lacking. Process studies on the exchange of CO 2 of alpine grassland ecosystems with the atmosphere are limited (Graber et al., 1998; Rogiers et al., 2005 Rogiers et al., , 2008 Hammerle et al., 2007; Ammann et al., 2007; Soussana et al., 2007; Gilmanov et al., 2007; Cernusca et al., 2008; Wohlfahrt et al., 2008) and have not yet been integrated over an elevational range that follows the traditional three-stage grassland farming system ("Alpage" in French or "Alpwirtschaft" in German, combined mountain agriculture; see Boesch, 1951; Ehlers and Kreutzmann, 2000) applied in the Alps. In contrast to nomadism and transhumance, this is a form of agricultural economy where the pastures, meadows, and croplands at various elevations are strongly connected in an economic unit of a farmer or group of farmers (Boesch, 1951; Weiss, 1959) . Alpine pastoralism is another term found in the scientific literature (Potthoff, 2004) . The terminology is not very strict, and in reality there is a large diversity of such production systems, for instance in the the Alps (Boesch, 1951) , in Norway (Potthoff, 2004) and in other mountainous parts of Europe, including 2 the Caucasus (Weiss, 1941) . In Switzerland, the animals are kept at the lowest elevation in the valleys in winter time, and the cattle is fed mostly with hay and grains that are kept in the main farm buildings (Michna et al., 2009; Boesch, 1951) . Where possible, the area around the farm houses is also used as winter pasture. When the growing season starts, the fodder stocks from the previous year typically come to an end and the cattle are driven up to the second level of pastures and meadows, the so-called Maiensäss elevational belt. When the snow has disappeared from the higher areas, the cattle are moved to the Alpine pastures where they stay during the short summer (roughly three months in Switzerland, Michna et al., 2009 ). The key distinction from nomadism and transhumance is the relevance of the Alpine summer pastures in the overall agronomic production system as an important fodder base of the farm (Weiss, 1959; Boesch, 1951) . Without the seasonal movement of cattle from the farms in the valley bottom up the mountains, the local climate would only allow to support a smaller number of lifestock in such Alpine areas (Weiss, 1959, p. 218) .
Our goals were thus (a) to quantify and compare the response of grassland ecosystem CO 2 exchange to the change in environmental conditions with elevation; (b) to investigate the influence of weather changes, in particular weather extremes, on the grassland ecosystem CO 2 exchange; and (c) to quantify the temporal change in carbon balance of these grasslands in relation to the Swiss farming practice. In order to achieve these goals, we investigated the net ecosystem exchange of CO 2 of three managed agricultural grasslands along an elevational gradient from pre-alpine farmlands to alpine pastures in Switzerland.
Methodology
To address these goals, three research locations have been identified covering the traditional three-stage grassland farming system of Swiss managed grasslands (400-2500 m).
Field sites
At ETH Zurich, the traditional Alpine farming system is represented by three agricultural research stations: Chamau (CHA, 400 m a.s.l.) represents the valley bottom winter location, Früe-büel (FRU, 1000 m a.s.l.) the Maiensäss belt and Alp Weissenstein (AWS, 1950-2400 m a.s.l.) 3 represents the alpine level (Eugster and Zeeman, 2006; Eugster and Leuenberger, 2007; Hiller et al., 2008 (Keller, 2006) .
Instrumentation
At each of these sites, a micrometeorological tower has been set up with the purpose of measuring environmental variables and carbon dioxide fluxes by applying the Eddy Covariance (EC) method (Kaimal and Finnigan, 1994; Aubinet et al., 2000; Baldocchi et al., 2001) .
Chamau and Früebüel
The for the EC system, access to mains power supply and the internet. The cabinet was located orthogonal to the main wind direction and to the north side of the fence to minimize disturbance of the wind field and to prevent influences through shading.
Alp Weissenstein
The EC setup at Alp Weissenstein has been run on campaign base (Hiller et al., 2008) Mooresville, NC, USA) and PPFD using a solar cell (as described by Vonlanthen et al., 2006 ). An 
Flux calculations and corrections
The EC method combines high time resolution wind vector and scalar (e.g. a concentration) measurements to calculate period averaged turbulent fluxes and has a proven robustness for intercomparisons across climate zones and biomes (Baldocchi et al., 2001 ). The net CO 2 flux (F N ) 6 calculation by EC are defined as
where the overbar denotes temporal averaging (typically 30 minutes), the primes denote the variation from the mean, and ρ a , w and c denote the air density, the vertical wind speed and the CO 2 concentration, respectively. In the derivation through Reynold's decomposition the assumption is made that the mean vertical flow and density changes are negligibly small, which imply the assumption that advection is small and conditions are stationary.
The net CO 2 flux can also be expressed as the sum of the assimilation flux (F A ) and total ecosystem respiration (F R ) and becomes
On a diurnal scale, nighttime F R can be estimated from F N measurements by EC, while F R occurs together with F A during the day. Here we use a respiration-temperature function (Lloyd and Taylor, 1994) to model F R and a light-response function (Falge et al., 2001b) to model F A for the different harvest intervals over a season .
The respiration-temperature model for F R is defined as (Eq. 11 in Lloyd and Taylor, 1994 )
where Lloyd and Taylor (1994) , i.e. T 0 = 227 K and E 0 = 308 K) and only fit the model to F R,ref .
The light-response model for daytime assimilation is defined as (Eq. A.9 in Falge et al., 2001b ) Post-calibration of the IRGA CO 2 and H 2 O concentrations was performed based on periodic measurements of gas of a known concentration. Fluxes of CO 2 and H 2 O were calculated for 30 minute periods using the eth-flux flux analysis tool (Eugster and Senn, 1995; Mauder et al., 2008) and R for statistical analysis and non-linear least squares fitting functions (R Development and for low friction velocity (u * <0.08 m 2 s −2 ). We further tested stationarity and turbulent conditions following Foken and Wichura (1996) . The stationarity test was based on a comparison of the 30 minute averages for CO 2 and H 2 O fluxes with 5 minute averages of the fluxes for the same period. The turbulent conditions were tested by comparing a theoretic value for flux similarity (using Obhukov length) with empirical values. The flux similarity was calculated as dimensionless number from the square root of vertical wind speed variance (σ w ) and the friction velocity (u * ) as σ w u * −1 . For both the stationarity and similarity test, the data were kept if <30% (high quality) or 30-100% (good quality) deviation is encountered from the respective references. For the assessment of F A (Eq. 4) and F R (Eq. 3), only data flagged as high and good quality for all 8 quality tests were used.
Data coverage of the environmental variables required for the model fits for F A and F R was >99% of the time at all sites and therefore provided a good base and the gapfill procedure for F N .
The missing values for the soil temperature and PPFD were gapfilled in two steps. We applied a linear interpolation for gaps ≤4 values (≤2 hours). Then we applied a gapfilling through diurnal (per time of day) averaging within a four day moving time window for each time of day. Data coverage of the CO 2 exchange data after omission of bad data is 57%, 59% and 41% for Chamau, for each day in each harvest interval using data from the three preceding and three following days (i.e. a seven day time window), which is according to the findings of Falge et al. (2001a) . In case a model for a particular day or period could not be fitted or a model fit was not significant (p<0.05) or the fitted parameter value exhibited the wrong sign, a larger per harvest period (or subsequently the seasonal) model fit was used. This way, the prediction of daytime respiration and missing values were preferably made using the smallest time window model estimates, followed by the harvest period intervals and eventually the seasonal values. The aim of this approach was to obtain gapfilled time series for F R , F A and F N which are adapted to rapidly changing conditions during the harvest intervals throughout the season. The model parameter α was determined only for low to moderate light conditions (10<Q PPFD <400 µmol m −2 s −1 ) and F A,opt in high light conditions (Q PPFD >1200 µmol m −2 s −1 ) considering only the 10 days before each harvest. Soil moisture did not add an obvious constraint to F R and this added support to use of a temperature-respiration model that did not include soil moisture as an explicit variable, in contrast to Reichstein et al. (2003) . This was in line with the findings of Wohlfahrt et al. (2005) for respiration fluxes of an 9
Austrian alpine meadow.
The closure of the energy budget was used as a quality measure of the EC measurements, based on the comparison (see e.g. Aubinet et al., 2000; Foken, 2008 )
in which net radiation influx (Q * ) minus soil heat flux (Q G ) are related to the components latent heat flux (Q E ) and sensible heat flux (Q H ). Soil heat flux was corrected for the storage of heat above the sensor using an adaption of the method suggested by Oke (1987) ,
where T soil is the average soil temperature above the soil heat flux sensor (n=3), t is time, z d is the sensor depth, z 0 is the surface (z 0 = 0). Here, the volumetric heat capacity c v is estimated following De Vries (1963), using the volumetric soil moisture at 0.05 m depth and the fraction of bulk density over particle density as mineral fraction. Bulk density values at the field sites are 1.0·10 3 kg m −3 for Chamau and Früebüel based on laboratory estimates (Roth, 2006) . Particle density is taken as 2.65·10 3 kg m −3 (White, 2005) , resulting in an estimate for mineral fraction of 37%. The energy budget closure calculated for the whole measurement period for Chamau and Früebüel were 81% and 78%, respectively. For Alp Weissenstein, Hiller et al. (2008) reported 81%. These results are comparable with other eddy covariance measurement sites on less complex terrain (e.g. Wilson et al., 2002) . The applicability of the eddy covariance method at the complex terrain of the alpine sites was facilitated by a strongly developed valley wind system, as has been shown by Hiller et al. (2008) for Alp Weissenstein. In addition, the advection and its extension layer in relation to the elevation difference from the crest of the mountain is approximately 5% according to Whiteman (2000) and we therefore assume that the low measurement height and the distance from the crest is enough to minimize advection influence.
Management data
To quantify the harvested biomass and the applied manure, the official farm management "LBL Feldbuch" data were used. The carbon content of harvested biomass was determined for eachharvest using sample plots at the same study area near the EC setups (Gilgen and Buchmann, 2009 ). The harvest biomass was averaged for five or more replicates of 0.20 m 2 sample plots and was considered representative for the respective reference field, which is FG5 at Chamau and Schutzwiese at Früebüel (Fig. 1) . In addition, slight differences between the fields in the footprint area needed to be taken into account for the determination of the carbon amounts per unit area (g C m −2 ). Therefore, a scaling factor was determined combining amounts of carbon per biomass and the reported volume of the harvest for the reference fields, or in case of the second harvest interval of Früebüel 2007, a scaling factor per grazing cow was calculated. From these scaling factors, the field sizes and the harvest volumes (or cattle numbers) reported by the farmer, the carbon content per harvest (in g C m −2 ) was determined for the other fields in the EC footprint, determined using the Kljun et al. (2004) by using an automated system that briefly diverted the manure flow to a 10 L container in regular intervals during the application process. From the collected manure in the container, a well mixed sub-sample was taken. By using this sampling procedure a representative sample was assured for the manure applied to each separate management field (Fig. 1) , which would not have been possible by taking samples from the manure storage depot. The solid manure was sampled from the supply just before application. Both liquid and solid manure samples were analyzed in an external, specialized laboratory (LBU, Labor für Boden-und Umweltanalytik, Eric Schweizer AG, Thun, Switzerland). At Chamau, predominantly liquid manure was applied, except for one occasion on 6 March 2007. At Früebüel, one of the fields received lime mixed with soil on 15
October 2007, for which the organic carbon content was considered as carbon input.
Carbon budget
The carbon balance not only contains turbulent flux components, but also management inputs and outputs. The change in the carbon balance of a site due to turbulent exchange and management can thus be written as
where F i represents the carbon inputs through management (i.e., application of manure, fertilizer or lime), and F o represents the carbon outputs through harvest (i.e., grass biomass). Here we do not include other greenhouse gases than CO 2 , such as CH 4 , and we assume the loss through the weight and have added an additional 10% uncertainty for using the farmer's estimations of the harvested volumes, which fit very well with the known storage volumes for each season (pers comm., Luginbühl, ETH Chamau). Since manure analysis data were not available for the whole measurement period (detailed analyses were only started in 2007), we have used a 10% uncertainty limit for the liquid manure, which is based on the 2007 dry weight and carbon content measurements and an estimate of 20% uncertainty for the solid manure. We add to this an estimated 5% error margin in the farmer's readings used for the volume applied to each field. Therefore, we assumed the typical uncertainty for F i to be 15% and 25% for Chamau and Früebüel, respectively. The effects of grazing on the uncertainty of the carbon budgets are however considered small, as the animals were out in the field during the whole period and contribute to a weight gain of 1% of the biomass. The loss due to methane emissions is however larger during grazing, but has been shown to be 3% of a cow's daily carbon intake (Minonzio et al., 1998) . Milk production is a large component (≈15%, see Minonzio et al., 1998) but not applicable for most of the grazing periods (e.g., grazing cattle at
Früebüel and sheep at Chamau). Literature values were used for the estimations of carbon intake and respiration for the livestock.
Results

Climate conditions
The three sites differed strongly in their overall climatic conditions as well as in the seasonal course of climatic parameters. With increasing elevation, the average temperature decreased and the growing season became shorter (Table 1) high. The pre-alpine region is known for fog conditions, which created a difference in available light (PPFD) compared to higher elevations, but predominantly in the months outside the growing season (Fig. 2e) At Früebüel, the decline in soil moisture in July 2006 was less pronounced than at Chamau, which can be related to the lower temperatures at this higher elevation in addition to higher 13 amounts of precipitation in the month before. Soil moisture recovered in the months thereafter with higher levels of precipitation compared to the other sites (Fig. 2) . were generally lower than those at the sub-alpine site Früebüel, despite its higher elevation.
Net CO 2 exchange
The pronounced difference between 2006 and 2007 can also be seen in the net CO 2 exchange of our sites (Fig. 3) . Früebüel. We believe the decrease at Früebüel is caused by the difference in snow cover, which showed the largest change at Früebüel. A snow pack has an insulating effect and causes a higher soil temperature, hence a higher F R . Without a snow cover the soil temperature is allowed to cool below 0 • C, reducing F R .
In the periods of overlapping data coverage for all three sites, the cumulative carbon uptake at Alp Weissenstein was slightly higher than at Früebüel (Table 2) shorter, but continuous dataset was available for Alp Weissenstein. Taken altogether, we observed that with increasing elevation the relative decrease in F R was stronger than the relative increase in F A , hence the sum of F N showed an increased net CO 2 uptake with elevation ( Table 2 ).
The three sites are located along an elevational gradient where not only climatic but also management factors differ substantially. While Chamau is harvested 6-7 times, Früebüel is harvested 2-4 times, and Alp Weissenstein is harvested 1-2 times. For all three sites, the management decisions and thus the timing of harvest, manure application or grazing, is clearly influenced by climate, e.g., by the early season start of the growing season and its length, as can be seen in the occurrences of management over the course of both years ( Fig. 3a) . At Chamau, manure is applied throughout the season, typically within days after harvest and whenever possible during winter to ascertain that the manure stock does not reach the farm's storage limits (Fig. 3b) . At each event of grass cut and subsequent manure application, the balance in cumulative (and thus diurnal) F N shifted towards CO 2 release. This is clearly seen for example at Chamau, where it takes up to two weeks for the ecosystem to recover, thus before the net cumulative loss changed back to a net cumulative (and diurnal) uptake of CO 2 (Fig. 3) , while at Früebüel assimilationtypically was equal to or exceeded respiration within days after the harvest (Fig. 4) . Although these patterns were variable over the growing season, they did not follow a clear temporal trend.
However, the expected increase of respiration due to manure inputs is not visible in the ratios of F A over F R after application. Manure application is often made when light rain is forecasted, hence coincides with conditions where EC data are poor and thus need to be discarded. We therefore suspect that the gap filling for the period of manure application introduced a smoothing that masked the short term response of F R to manure input, even if a small moving window of 7 days was used.
The ratios of F A over F R for the later harvest intervals at Chamau 2007 showed a dominant role of F R (below 100% means a net loss, see Fig. 4 ), indicating that more carbon is respired than is assimilated during these harvest intervals, for which we assume the large quantity of manure previously applied in the season was the main source. Summarizing, management strongly influenced the annual balance of net CO 2 fluxes. Particularly the intensity of manure application is highly relevant as observed most clearly at the intensively managed lowland site Chamau.
Carbon stock
The annual budgets for carbon stock have been calculated from the sums of inputs and outputs (Table 2 At Chamau, manure inputs and application intensity were high as application occurred after most harvests and during winter. We assume that these inputs did not respire immediately after application and were not converted into the biomass of the next following harvest, but showed a time-lag within the year and to the next year, which helps explain the seasonal course of the carbon budget ( variations in topography, micro-climate and soil fertility conditions. Less manure was applied due to the dominance of pastoral grazing, and manure was applied in solid form for which it was more difficult to obtain representative estimates of C contents compared to liquid manure. In addition, the fields border a natural reserve, for which by recent legislation a perimeter of land was required (a so called "Ökologische Ausgleichsfläche", a zone assigned to an agri-environmental scheme of reduced management intensity) where no management was allowed until July (2006) or until mid July (2007) . The values are however the best available estimates. If we examine the information on carbon fluxes, changes in carbon stock, the management patterns and weather changes, we seethat farmers management strongly adapts to any changed weather situation. By doing so, management strongly influences the resulting patterns in the carbon flux and stock. This is inherent to the timing of management and practice of the farmer, who will prefer to harvest in good weather and apply manure when rainy weather is expected.
Combining the information of the carbon budgets and net carbon fluxes for both years, a dif- (Table 1) .
While the use of management cycle periods allows an improved match of the fluxes that integrate different time scales in the carbon budget, there is of course much more variation the length of the periods. As significant improvements could not be shown by using management cycle periods, this approach is therefore not likely to deliver much improvement for use in inter-annual comparisons of the carbon stock until uncertainties in the component fluxes can be reduced significantly.
Although the uncertainties of using model fits have been estimated for F R , F A and subsequently F N , there is an additional uncertainty mentioned in literature which is caused by the sampling used for the model fits, which accounts to ≈15% of F N according to Goulden et al. (1996) , and has been shown to exhibit larger variability for nighttime than for daytime values (Oren et al., 2006) . This additional uncertainty affects the net CO 2 exchange values as well as the carbon budget estimates but has not been added to the uncertainties such as mentioned in Table 2 .
While the harvest output flux (F o ) is well constrained by measurements, additional output fluxes such as DOC loss, non-CO 2 greenhouse gas fluxes (e.g. VOC, CH 4 ), harvest losses and grazing are not. However, DOC and non-CO 2 greenhouse gas losses are expected to be small . The loss through leaching of dissolved organic carbon (DOC) between
October 2006 and May 2008 was estimated for Früebüel to be about 7 g C m -2 yr -1 for the A+B horizon (Kindler, Siemens, Heim, Schmidt, and Zeeman, unpublished data). Similarly, bias due to harvest loss seems negligible as well. The amount of biomass per unit area sampled by us might differ from the amount of biomass per unit area harvested by the farmer, due to the lack of harvest losses in the biomass samples taken manually. Thus, the difference in harvest methodology might introduce inaccuracies in the overall carbon balance, but the carbon of the decomposing harvest is already accounted for with our measurements of net ecosystem CO 2 flux. Furthermore, since harvest loss is controlled by the efficiency of farm machinery and this machinery was not changed or modified during our measurement period, we can assume harvest loss to be similar for each harvest.
The effects of grazing on the significance of the carbon budgets can be estimated using literature values for the carbon cycle of the animals. Of each kg carbon intake, a milk cow respires 50%
to the air (as CO 2 or CH 4 ), 35% is excreted on the field and 15% goes to milk production for the mature animals (Minonzio et al., 1998; Kinsman et al., 1995; Jungbluth et al., 2001) . We assumed these ratios to be similar for cattle and sheep, but instead of milk production we assumed a 15% weight gain. The loss due to methane emissions from the field is larger during grazing due to the presence of the animals, but has been shown to be only ≈3% of a cow's daily carbon intake. Anaverage intake value of 15 kg DW ( ∼ =6.7 kg C) for cows and cattle and 2 kg DW ( ∼ =0.92 kg C) for sheep was used based on earlier surveys for Switzerland (Minonzio et al., 1998) , i.e., only about 15% of the amount applied at Chamau. The higher manure input at Chamau also explains the differences in annual sums of F N , which are in the range of -215 to -669 g C m −2 for Oensingen , about a factor of 2 to 7 larger compared to Chamau (Table 2) .
Comparing an extensively managed grassland at Rigi Seebodenalp (1025 m a.s.l., approxi- properties between the two sites. Rigi Seebodenalp is located on a rich organic soil of a former 20 lake bottom with large CO 2 flux driven by peat decay (Leifeld et al., 2005) , while Früebüel is located on a mineral soil (Roth, 2006) .
Finally the question arises, where does the carbon go? In grassland ecosystems, any carbon sequestration can only occur in the soil compartment. The soil organic carbon (SOC) stocks at Chamau and Früebüel are 55.5-69.4 t C ha −1 (n=2) and 39.4-60.4 t C ha −1 (n=2), respectively (Roth, 2006) . This is within the range determined for favorable grassland sites (50.7±12.2 t C ha −1 )
in Switzerland, as shown in an earlier national survey by Leifeld et al. (2005, n=544) Früebüel have been determined as 32.9±2.2 t C ha −1 (n=41) and 38.9±5.7 t C ha −1 (n=44), respectively (Roth, 2006) . When we assume that most of the estimated carbon sequestration of the grassland ecosystems must be found in the soil, in particular in the Ah horizon, then the annual increase in carbon stocks for Chamau and Früebüel are on the order of 1-3% of top soil carbon.
Conclusions
Based on our measurements of F N and our estimates of carbon sequestration of three grasslands within the traditional three-stage grassland farming system in Switzerland, we conclude that management practices strongly influence the carbon fluxes and the carbon budgets of these grasslands, 
